The switch reported here for the first time was designed for an application in satellite based communications, where the requirements were for low actuation voltage, high isolation, good vibration and shock tolerance, and low power consumption. The functional requirement was for a singlepole, double throw (SPDT) switch. To satisfy the low voltage specification, thermal actuation was chosen, with mechanical latching to limit average power consumption. Thin-film microstrip transmission lines were fabricated on glass wafers for the signal path, while the actuators were fabricated in bonded silicon on insulator on a separate wafer, the final device being formed by bonding the two parts together. The SPDT functionality was achieved, the actuation voltage was 3V, and although insertion loss in these first prototypes was excessive, RF isolation was better than 50 dB across the 1 -6 GHz range.
INTRODUCTION
The potential advantages of MEMS switches over conventional solid state switches for radio frequency (RF) and microwave signals are well known: in particular, low power consumption, low signal loss, high isolation, and broadband operation. A large number of RF MEMS switch devices have been reported [1, 2] . However, a high fraction of these have been of a similar type, namely electrostatically actuated, vertical displacement, 2-port switches using coplanar waveguides (CPW). Typically these switches consist of a metal bridge passing over the signal tracks which is pulled down electrostatically to make a connection either across an interruption in the signal path (series switch), or between the signal and earth lines (shunt switch). Excellent RF performance has been achieved in many of these switches. However, there remain some drawbacks -most notably, electrostatic operation generally requires high actuation voltages (10's of volts of more). The voltage can be reduced if the moving bridge is made less stiff; however, the reduced stiffness implies an increased sensitivity to shock and vibration. Another issue is reliability and lifetime; although this issue has been extensively investigated for MEMS switches and great advances have been made [3] , there remain concerns about, for example, the effects of charge build-up in electrostatic devices [4] .
For applications in space, such as satellite based communication modules, the MEMS advantages of reduced power consumption and improved performance are very attractive. However, reliability and lifetime are paramount, the mechanical loads devices must withstand are severe, and high voltage supplies are normally undesirable. For this reason we chose to investigate an alternative design approach, namely thermally actuated, latched devices.
The use of CPW transmission lines was also reexamined, because the functionality to be addressed was single-pole double throw (SPDT), i.e. a selector switch between one input and two outputs. This can easily be configured as two series switches on each branch fed from a Y-junction. However, since the open line presents a stub loading to the selected path, this stub must be kept very short, unless a (narrow-band) resonant structure is used [5] . Since broadband performance was required in this case, the SPDT switch must be compact. While the CPW approach provides low loss and ease of fabrication, the large dimensions and weak confinement of the lines make such a compact design difficult to achieve without excessive compromises in performance.
DEVICE DESIGN
As a result of the switch requirements, and the related considerations as discussed above, thermal actuation was chosen. Thermal actuators can provide high forces at low voltages, and do not inherently generate strong electric fields. However, they consume substantial power when driven and so to achieve low average power, a mechanically latching solution was also incorporated. The actuator design is shown schematically in Fig 1, while Fig. 2 is a micrograph of the switched region. The actuators are of the shape bimorph type [6] with lateral movement. A portal frame mechanism was used, i.e. two flexures with fixed separation at the fixed and free ends. This allows translation of the free end with minimal rotation. Set actuators are used to translate a plunger to make a connection across a gap in the line, as in, e.g. [7] . Latches, as can be seen in Fig. 2 , hold the set actuators in place and thus maintain continuity of the corresponding signal path when the actuator power is cut. The latched operation also supports the required insensitivity to shock and vibration. One latch part is joined to the end of the set actuator, the other is joined to the substrate via yet another portal frame flexure. 
. Electron micrograph of plunger and transmission line gap (bottom).
The plungers are on flexible supports (also of portal frame form), so that they make contact before latching occurs and then deform with further actuation; this ensures the required mechanical force at the switch contacts in the on state. These supporting flexures are inserted in rigid "wells" within the set actuators, so as to reduce the overall length of the structures, as this length can dominate the die size. The close-up of the plunger head (Fig. 3) shows the flexible link between the head and its support structure; this allows some rotation of the head to ensure parallel contact between it and the lines. Additional thermal actuators are incorporated to release the latches. The operating voltage for both set and release actuators is 3 V.
Thin film transmission line (TFMS) was chosen rather than CPW, as it gives a laterally compact waveguide with strong field confinement. This allows a modest gap to be used (in this case 60 m) while still retaining high isolation. It also provides low cross-talk between the two signal paths. Consequently a short stub distance could be used between the two required gaps for the SPDT architecture, as shown in Fig. 3 .
Operation is as follows: to connect line 1, a current is applied briefly through set actuator 1 such that its plunger makes contact with the signal line at both sides of the gap, thus connecting the signal path. The actuator then latches into place, and the actuation current is switched off. If state 2 is now required, current is applied to release actuator 1, deflecting its head until it is forced against the flexureconnected latch part, thus pushing the latch open and releasing set actuator 1, and opening the gap in the line. Current is then applied to set actuator 2 until it is latched, and signal path 2 is thus connected.
FABRICATION
The construction is indicated in Fig. 4 . To minimize the coupling between RF and control lines, silicon rather than metal was used for the actuators. These were fabricated in bonded silicon on insulator wafers, providing high precision machining, low stress and the mechanical benefits of single crystal moving parts. The device layer height of the silicon was 35 m and the handle layer height was 350 m. The use of single crystal silicon mechanical structures also avoids possible fatigue or creep behavior that could be experienced by metal parts under deformation. The silicon device layer is patterned by deep reactive ion etching (DRIE), using conventional photolithography. The handle layer is then patterned by DRIE and the exposed buried oxide is removed using a reactive ion etcher, releasing the mechanical parts. Figure 5 shows a detail of these parts after release; the DRIE process provides smooth, vertical sidewalls suitable for the contact surfaces. Gold is then sputtered on and patterned for the contact parts and for bond pads for the actuator DC connections. The TFMS was fabricated on a second wafer, using polyimide as the dielectric and electroplated gold for the microstrip. First a Cr-Cu thin-film is deposited by sputter coating; then the thin-film is patterned to give DC wiring and the ground plane using conventional lithography and wet etching. Polyimide is spin-coated and directly patterned to define ground vias (10 m thick). The polyimide is then imidised at 350˚C, after which a seed layer is sputter coated, onto which the signal lines are electroplated into a photoresist mold. The signal lines are 20 m wide and 10 m high. Glass wafers were used for the TFMS, as the transparency eases alignment when the mechanical and RF parts are bonded together. Fig. 6 shows a single bonded die with the mechanical parts uppermost. The devices were packaged using a CPWG alumina cavity package, with DC (control) and RF contacts on opposite sides (Fig. 7) .
RESULTS AND DISCUSSION
The TFMS is inevitably more lossy than CPW, because of the stronger field confinement. A low propagation loss value of 0.1 dB/mm at 5 GHz was achieved, close to the modelled value; however, this loss factor still dominates the overall device losses (Fig. 8) , owing to the long connection lengths in the current die and package design. A modification currently underway will substantially reduce line lengths to the die bond pads, and thus the insertion loss. The isolation (Fig. 9 ) was better than 50 dB across the 1 -6 GHz range, which is well within the desired specification. In summary, we report here a novel 3-port (SPDT) packaged RF switch, with low voltage and low power operation, suitable for space and other applications.
